AXIAL AND RADIAL FLUX GENERATORSIN SMALL-SCALE WIND POWER PRODUCTION
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ABSTRACT: This paperexploresthe requirementsmposedon the generatorof a direct-driven, stall-regulated,
andindependensmall-scalewind power plant. Two prototypegeneratordiave beendesignedconstructedand

tested.
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1INTRODUCTION

Certain installationsrequire a small maintenance-free
power supplyindependenof the grid. Suchdemandsare
commonin e.g.weathemonitoringbeaconsmeasurement
stations,and private consumeruse. A subkilovatt wind
power plantis avital alternatve for suchusage.

2 DESIGNPERSPECTIVE

2.1 StallRegulation

An economicallyfeasibleindependensmall-scalevind
power plant musthave a very ruggedconstructionwhich
requiresstall control[5]. Thegeneratoof astall-regulated
wind power plant must have a very high torque rating
to sustaincontrol. In addition, high overloadcapacityis
requiredto remove the needof a separatdérakingelement.

2.2Wind Speedof Operation

Small wind power plantsare usually situatedin worse
wind conditionsthanlarge power plants. Eventhoughthe
power contentof wind is cubically proportionalto wind
speedtherarenes®f high wind speedskews the distribu-
tion of available enegy towardsmoderatewind speedas
canbeseenin figurel. Thereforeahigh-qualitygenerator
shouldhave maximalefficiency at subnominapower.

For very small plants,utilising the enegy of wind gusts
is important. To facilitate easy and fast startup of the
plant’s turbine, the generatomusthave very low cogging
torque.

2.3 Independeng, PermanenMagnetsandCooling
Becausehereare no external power sourcesavailable,
thegeneratomustbe magnetizedvith permanent

magnetsNeodymium-lron-Boro magnetsverechoserto

acquirehigh force density However, this type of magnetis

relatively sensitve to heatanddemagnetizeabove certain
temperaturewhich dependson the gradeof the magnet
material. Therefore,the generatormust have sufficient
coolingto preventdemagnetization—withodiinning.
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Figure 1: Distribution of enegy overwind speed

2.4 ManufactureCostandMass

Of course,the price and the massof the generatorare
alwaysimportant. In very small generatorsthe material
costsare offset by labor costs. The making of armature
winding is the mosttime-consumingand expensve phase
of the manufcturingprocess.Therefore the useof rela-
tively expensve materialsis permissibleto reduceassem-
bly costs.

In order to facilitate setup at remote locations, the
generatorshould be light enoughto be managedby a
singleperson.



2.5Air GapWindings

The requirements—especiallyhigh torque-to-mass
ratio and swift manubcture—arenot easily fulfilled by
corventional electric machines. Therefore,rather novel
machinestructuresith air gapwindingswerechosen Air
gapwindingsarenecessaryo achieelow coggingtorque,
neggligible phaseinductanceand armaturereaction, and
easeof construction.

2.6 Voltage

The small wind power plantis likely to be setup by
private consumerswith no expertisein electric systems.
Therefore,the generatoiis requiredto function at a safe
voltage. For our purposes safe voltage means50 r.m.s
volts, line-to-line.

3 MACHINE STRUCTURE

3.1 Axial Flux Machine

Figure2: Thestructureof theaxial flux machine

The double stator axial flux machine (figure 2) has
an adwantageousstructure[]: The winding is a chain of
racetrackcoils, immersedin resin. The statoriron is a
simplering of sheetsteel, and the rotor is an aluminum
disc with slots for sectorshapedmagnets. Direct heat
conductionfrom armatureto statoriron andcasingensures
sufficient cooling.

3.2RadialFlux Machine

The structureof the radial flux machineis in figure 3.
Becauseary kind of slots would raisethe winding costs
to an unacceptabldevel, a peculiartoroidal winding was
used. The statoris madeof two halvesof SMC (a powder
iron materialmanufcturedby HoganasAB [2]) cylinder,
wrapped with racetrack coils and immersedin resin.
Direct heatconductionfrom armatureend-turnwindings
to casingprovidesexcellentcooling.

4 MACHINE DESIGN

4.1 DesignParameters

To comparethe different topologies, two particular
machineshadto be designedor a particularturbine. The
propertiedn tablel wererequiredof themachines.

Figure 3: Thestructureof theradialflux machine

Table |: Nominalvalues

Torque T 5.46Nm
Rotationalspeed w 550rpm
Phasevoltage \% %

4.21ron Circuit Models

Standardiron circuit modelswere usedfor determin-
ing machinedimensiongoughly. Here,we summarizehe
mostimportantdesignequations. Thesesameequations
give very accurateresultsafter magneticinductionin the
air gaphasbeencorrectedvith FEM calculations.

The torqueof the axial flux machinecanbe computed
from the Lorentzforce andis givenby
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whereB is air gapinduction,N is the numberof coil turns,
¢ is the numberof poles, | is the phasecurrent,and A
is the areaof the air-gap side of the statoriron. Implicit
within this equationlies the mostimportantdesigntrade-
off betweenmagnetmassand copperlosses. Also, due
to the lack of spaceat the inner radius, the total current
3N¢EI is inverselyproportionalto the inner radiusof the
statoriron. This dictatesthe maximumtorqueobtainable
for givenwinding thicknessandouterdiameter{4].

Thevoltageis givenby

V= N gBAw, @)
™

wherew is themachines speedf rotation,in %’l.

For theradialflux machinetorqueis givenby

7 =3Nér,BIL, ©)

wherer,, is the meanradiusof the winding andL is the
axiallengthof the statoriron. Thevoltageis givenby

V = N(BLrjw. (4)



Several electrically feasible compromises between
length and radius of the statorhadto be rejecteddue to
the brittlenessof permanentnagnets.Too elongatedthin
magnetscould breakduringassembly

4.3 FEM models

For a moredetaileddesign,current-drvenFEM models
wereused.The 2D-FEM model(figure 4) of the axial flux
machines aslicefrom theaverageradiusof thestatoriron.
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Figure 4: FEM modelof the axial flux machine

The FEM model of the radial flux machineis a more
traditionalradial slice-throughof the machine(figure 5).
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Figure5: FEM modelof theradialflux machine

Sincebothmachinesiadair gapwindings,Lorentzforce
couldbeusedo computeorquedirectly. Voltagewascom-
putedby samplingthe flux densityat the vicinity of stator
iron to gainanapproximatiorof winding flux.

5 CONSTRJCTION

The axial flux prototypewas very simple to manufic-
ture. Statorirons could be wound manually from sheet
steel. Ironlessrotor was relatively easyto assembleand
install, even thoughassemblydoesrequirea specialiron
deskfor stabilizingmagnetmovements.

The assemblyof the radial flux machinehad certain
complications Thefitting of end-turnwindingswasrather
awkward. Very large attractive forcesbetweenstatorand
rotorrequirectherotorto beloweredinto placewith amill.

6 TESTRESULTS

Bothmachinesveretestedn atestbench(figure 6) with
inverterfed induction machine. Mechanicaltorque, rota-
tional speed,and electric outputwere measured.The re-
sultsareshown in tablesl | andl 1.

Figure6: Testbench

Table |1: Measuredropertief the axial flux machine

Torque T 5.46Nm
Mass m 8.1kg
Outerdiameter  Dgyut 200mm
Phasevoltage \% 27.4V
Efficiencty i 73%
Thermalgradient AT 7.6K
PoveratlOm/s P, 230W

The thermalgradientis the temperaturadifferencebe-
tweenarmaturewinding and the outer surface of casing.
Both machineshadsuficient coolingevenin a laboratory



Table I 11: Measuredropertiesof theradialflux machine

Torque T 5.46Nm
Mass m 13.1kg
Outerdiameter Dyt 200mm
Phasevoltage \% 29.9V
Efficiency n 79%
Thermalgradient AT 45K
PowveratlOm/s P, 240W

ervironmentwithout wind andexcellentoverloadcapabil-
ity. As seenin figures7 and 8, maximal efficiengy is
reachedat very low wind speedsgespeciallyby the axial
flux machine andis retainedover the mostimportant4 to
8 m/sregion.
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Figure 7: Efficiengy of theaxial flux machine
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Figure 8: Efficiengy of theradialflux machine

7 CONCLUSION

The designmethodsdevised for thesegeneratorhave
beenfastandaccurate.Furtherprototypescould be built
usingthe sameprinciples.

The radial flux machine proved rather unsuitablefor
small-radius, high-torqueapplication. Its parts—toroidal
winding, for example—wereelatively complicated result-
ing in an awkward assemblyprocess.The SMC usedfor
iron partsis notthe propermaterialchoicefor corventional
electricmachine.lt hastoo highlossdensityandthe maxi-
malallowedcompressiomatio (1:4) mayforcethedesigner
to opt for distastefuldimensions.However, SMC is likely
to bethe superiomaterialfor transwersalflux machines.

The axial flux generatorthasa very simple and robust
structure. Its electrothermapropertiesare excellent, and
economicfeasibility may be achievable. In the future, a
lighter prototypewill bebuilt for extensvefield testing.
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